Introduction
Cryopreservation allows long-term storage of many biological samples. Generally, a high survival rate after thawing is ensured by the addition of an essential ingredient, cryoprotectants (CPAs) [7] . The main cause of decreased cell viability during cryopreservation is ice recrystallization (IR) [6, 8, 33] , during which ice crystals grow larger [17] . However, most commercially available or routinely used CPAs cannot inhibit IR efficiently [19, 20] . Recently Tam et al. [41] demonstrated that dimethyl sulfoxide (DMSO), the most commonly used CPA, can inhibit IR at concentrations as low as 1% (v/v) . In addition, 3% (v/v) DMSO inhibited IR as effectively as did 0.022 M galactose solution. However, DMSO is considered cytotoxic because of its chemical nature and the high concentration that is required to increase cell viability [7, 9, 40] . More importantly, DMSO can induce reversible branching in mesenchymal stem cells and apoptosis in other cells [4, 7, 9, 12, 14, 30, 34, 40, 42, 45, 47] . Therefore, less toxic or nontoxic CPAs that inhibit IR are needed to improve the efficiency of cryopreservation of valuable biological samples [3, 41, 46] .
Ice-binding proteins (IBPs) can inhibit ice recrystallization (IR), a major cause of cell death during cryopreservation. IBPs are hypothesized to improve cell viability after cryopreservation by alleviating the cryoinjury caused by IR. In our previous studies, we showed that supplementation of the freezing medium with the recombinant IBP of the Arctic yeast Glaciozyma sp. (designated as LeIBP) could reduce post-thaw hemolysis of human red blood cells and increase the survival of cryopreserved diatoms. Here, we showed that LeIBP could improve the viability of cryopreserved mammalian cells. Human cervical cancer cells (HeLa), mouse fibroblasts (NIH/3T3), human preosteoblasts (MC3T3-E1), Chinese hamster ovary cells (CHO-K1), and human keratinocytes (HaCaT) were evaluated. These mammalian cells were frozen in dimethyl sulfoxide (DMSO)/fetal bovine serum (FBS) solution with or without 0.1 mg/ml LeIBP at a cooling rate of -1°C/min in a -80°C freezer overnight. The minimum effective concentration (0.1 mg/ml) of LeIBP was determined, based on the viability of HeLa cells after treatment with LeIBP during cryopreservation and the IR inhibition assay results. The post-thaw viability of mammalian cells was examined. In all cases, cell viability was significantly enhanced by more than 10% by LeIBP supplementation in 5% DMSO/5% FBS: viability increased by 20% for HeLa cells, 28% for NIH/3T3 cells, 21% for MC3T3-E1, 10% for CHO-K1, and 20% for HaCaT. Furthermore, addition of LeIBP reduced the concentrations of toxic DMSO and FBS down to 5%. Therefore, we demonstrated that LeIBP can increase the viability of cryopreserved mammalian cells by inhibiting IR.
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Antifreeze proteins (AFPs) are a group of proteins that bind ice and inhibit the growth of ice crystals. AFPs have two properties: thermal hysteresis (TH) and IR inhibition. TH activity is quantitatively expressed as the temperature gap between the freezing and melting points created by inhibiting the growth of ice crystals in an aqueous solution via the binding of AFP to the ice surface [28] . IR inhibition is also triggered by the ice-binding ability of the proteins. IR inhibition is a freezing-tolerance mechanism of many psychrophiles [10, [35] [36] [37] . Recently, we identified, expressed recombinantly in Pichia, and characterized ice-binding proteins (IBP) from the Arctic yeast Glaciozyma sp. (formerly known as Leucosporidium sp.) [25, 26, 31] . IBPs include any protein that binds to ice, such as AFPs, IR inhibition proteins, and ice nucleation proteins [31] . Like other AFPs, the IBP we used, designated as LeIBP, has both TH and IR inhibition activities. Considering the lower TH activity of LeIBP (0.34-0.42°C at 10.8 mg/ml) compared with that of other AFPs and the icy habitat of Glaciozyma sp., the IR inhibition activity of LeIBP is probably more important than the TH activity for survival at cold temperatures. The IR inhibition activity of LeIBP has been hypothesized to protect the cells in unfrozen channels between ice crystals by inhibiting the recrystallization of external ice, thereby improving cell viability [13, 26, 36] . This property of LeIBP makes it a strong candidate as an alternative CPA with less cytotoxicity. In previous studies, we tested this hypothesis on red blood cells [27] , diatoms [27] , and ovarian cells and tissues [24] . In the present study, we aim to assess the effect of LeIBP on cryopreservation of various mammalian cell lines by examining the IR inhibition activity of LeIBP in a cryopreservation solution and the post-thaw cell viability.
Materials and Methods

Materials and Cell Lines
Unless otherwise indicated, all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA). We used recombinant LeIBP expressed in methylotrophic Pichia pastoris [31] . Freeze-dried LeIBP was dissolved and diluted appropriately in phosphatebuffered saline (PBS). The protein concentration was determined by measuring the absorbance at 280 nm, using a calculated extinction coefficient of 26,930 M -1 ·cm -1
. Minimal essential medium (MEM), MEM-α, Dulbecco's modified Eagle's medium (DMEM), Ham's F-12 medium, fetal bovine serum (FBS), antibiotic-antimycotic solution (100 ×), trypsin-EDTA, and TrypLE Express were obtained from Life Technologies (New York, NY, USA). Dulbecco's phosphate-buffered saline (DPBS) was obtained from WelGENE Inc. (Daegu, Korea). Human cervical cancer cells (HeLa) and mouse fibroblasts (NIH/3T3) were procured from the Korean Cell Line Bank (Seoul, Korea), and human preosteoblasts (MC3T3-E1), Chinese hamster ovary cells (CHO-K1), and human keratinocytes (HaCaT) were procured from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Ice Recrystallization Inhibition Assay
A splat cooling assay was conducted to assess IR inhibition, as described previously [19] . Briefly, 10 µl of the aqueous solution containing various amounts of LeIBP in 2.5% and 5% DMSO solutions was released from a height of 2 m onto a polished aluminum plate cooled to -78°C by dry ice. As the droplet splats onto the aluminum plate, it immediately freezes as an ice disc measuring approximately 1 cm in diameter and 20 µm in thickness. The disc was removed from the plate surface, placed between two coverslips, transferred to a Linkam LTS120 cold stage (Linkam Scientific Instruments Ltd., Surrey, UK) held at -6°C, and annealed for 1 h. We used 2.5% and 5% DMSO solutions because solutions with DMSO concentrations greater than 5% are viscous and do not produce reliable data [41] . PBS was used as a control. The cold stage was mounted on a Linkam imaging station. The ice crystals were photographed between crossed polarizing filters.
Cell Culture
HeLa cells were cultured in MEM supplemented with 10% FBS and 1× antibiotic-antimycotic solution. NIH/3T3 and HaCaT cells were cultured in DMEM supplemented with 10% heat-inactivated FBS and 1× antibiotic-antimycotic solution. MC3T3-E1 cells were cultured in MEM-α supplemented with 10% FBS and 1× antibioticantimycotic solution. CHO-K1 cells were cultured in Ham's F-12 supplemented with 10% FBS and 1× antibiotic-antimycotic solution. All cells were incubated in an atmosphere containing 5% CO 2 at 37°C.
Determination of the Minimum Effective Concentration (MEC) of LeIBP for Cryopreservation
We define the MEC as the lowest IBP concentration at which cryopreservation efficacy is maximized. To determine the MEC of LeIBP for cryopreservation, we evaluated the post-thaw viability of HeLa cells at different concentrations of LeIBP: 0.01, 0.025, 0.1, 0.25, or 0.5 mg/ml LeIBP. Freezing and thawing, followed by the cell viability assay, were conducted as described below. All experiments were performed in triplicate.
Cell Freezing and Thawing
Adherent cells (HeLa, MC3T3-E1, CHO-K1, and HaCaT cells) were dissociated from the plate by using trypsin-EDTA, whereas NIH/3T3 cells were disassociated using TrypLE Express. Cells were transferred to a 15 ml conical tube and centrifuged at 1,200 ×g for 5 min to remove the medium. Approximately 1 × 10
